Abstract Carbamoylphosphate synthetase I deficiency (CPS1D) is a urea-cycle disorder characterized by episodes of life-threatening hyperammonemia. Correct diagnosis is crucial for patient management, but is difficult to make from clinical presentation and conventional laboratory tests alone. Enzymatic or genetic diagnoses have also been hampered by difficult access to the appropriate organ and the large size of the gene (38 exons). In this study, in order to address this diagnostic dilemma, we performed the largest 349-354 DOI 10.1007/s10038-007-0122-9 mutational and clinical analyses of this disorder to date in Japan. Mutations in CPS1 were identified in 16 of 18 patients with a clinical diagnosis of CPS1D. In total, 25 different mutations were identified, of which 19 were novel. Interestingly, in contrast to previous reports suggesting an extremely diverse mutational spectrum, 31.8% of the mutations identified in Japanese were common to more than one family. We also identified two common polymorphisms that might be useful for simple linkage analysis in prenatal diagnosis. The accumulated clinical data will also help to reveal the clinical presentation of this rare disorder in Japan.
Introduction
Carbamoylphosphate synthetase I (CPS1) is a mitochondrial matrix enzyme that catalyzes the first step of the urea cycle; synthesis of carbamoylphosphate from bicarbonate, ATP, and ammonia using a cofactor N-acetylglutamate (NAG). Its genetic deficiency (CPS1D; MIM# 237300; EC 6.3.4.16) is a rare autosomal recessive disorder (1 in 800,000 newborns in Japan) characterized by episodes of life-threatening hyperammonemia in the neonatal period. A fraction of patients with residual enzyme activity (10-25% of normal) present later, usually but not necessarily, with less severe hyperammonemia (Summar 1998) .
The prognosis of patients with neonatal-onset hyperammonemia is generally poor. Most often, the serum ammonia level at initial presentation is high enough to cause irreversible brain damage, and many patients die of brain edema despite intensive medical care. Therefore, for a couple with a previous pregnancy involving a severely affected newborn, prenatal diagnosis is the only practical approach to cope with the problem of recurrence risk.
However, prenatal diagnosis has been hampered by several factors intrinsic to the CPS1 gene. Firstly, the gene is expressed mostly in the hepatocytes and, to a lesser degree, in the epithelial cells of the intestinal mucosa. Therefore, neither amniotic cells, amniotic fluid, nor chorionic villi can be used as a source of enzyme assay, making a biochemical prenatal diagnosis practically impossible. Secondly, molecular diagnosis also is hampered by the large size of the gene. The CPS1 gene spans approximately 122 kb on chromosome 2q35 and consists of 38 exons (Hoshide et al. 1995; Summar 1998; Summar et al. 1995 Summar et al. , 2003 Haraguchi et al. 1991) . Because of the large size of the gene, mutational analyses of affected individuals have been reported for only 33 cases worldwide (Summar 1998; Hä berle and Koch 2004; Hä berle et al. 2003; Rapp et al. 2001; Finckh et al. 1998; Funghini et al. 2003) , fewer in Japan (Wakutani et al. 2004; Aoshima et al. 2001a, b; Hoshide et al. 1993; Ihara 1999) , and without a known common mutation, molecular diagnosis has been unavailable for most affected families. Thirdly, the clinical diagnostic criteria of CPS1D, i.e., hyperammonemia associated with low/absent serum citrulline and urinary orotic acid excretion, cannot discriminate CPS1D from another disorder, N-acetylglutamate synthetase (NAGS) deficiency. For a correct diagnosis of CPS1D, either enzymatic diagnosis using the patient's liver or molecular diagnosis to detect mutations in the CPS1 gene is mandatory.
In this study, as an initial approach to address this diagnostic dilemma, we accumulated patients from across Japan diagnosed as having CPS1D, and performed clinical and mutational analyses to establish the mutational spectrum and possible genotype-phenotype correlations of CPS1D in this country.
Materials and methods

Subjects
The study subjects were 18 Japanese cases with a clinical diagnosis of CPS1D, 15 with neonatal-onset type and three with later onset (Table 1) . Written informed consent was obtained from each subject or their parents and the study protocol was approved by the institutional review board of Kyoto University Hospital.
DNA analysis
Genomic DNA was extracted from the patients' liver or from peripheral blood lymphocytes using the The sequence was determined using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). Since there were polymorphic T stretches on both flanking regions of exon 30, we subcloned this fragment into the pCR2.1 plasmid with the TOPO TA cloning Kit (Invitrogen, Carlsbad, CA) and sequenced multiple clones.
Results Table 1 summarizes the results of mutational analyses together with the clinical presentation of each patient. Of the 18 cases referred to us under the diagnosis of suspected CPS1 deficiency, mutations in the CPS1 gene were identified in 16 patients at least in one allele, thus confirming the diagnosis of CPS1D. In two of the patients mutations could not be identified although both patients showed lower hepatic CPS1 activities. Plasma citrulline levels were usually low, although the value could be as high as 34.9 lmol/l (case 13), which is well within the normal range (22-25 lmol/l).
As previously described for other ethnic groups (Summar 1998) , most (14 out of 16) of these patients presented in the neonatal period with severe hyperammonemia, while the other two patients (cases 4 and 13) presented later in life. Except for three patients (cases 7, 10, 16), patients with neonatal onset died very early in life despite intensive therapy including protein restriction, hemodialysis/peritoneal dialysis, and nitrogen disposal medications such as sodium benzoate, sodium phenylacetate, or arginine. Two of the survivors (cases 10 and 16) are still alive, and have normal psychomotor development despite initial hyperammonemia exceeding 1,000 lg/dl. One was treated with sodium benzoate, L-carnitine, arginine, and dietary protein restriction while the other underwent liver transplantation. On the other hand, the prognosis of patients with later onset is not necessarily favorable. One of the late-onset cases, case 13, presented with fatal hyperammonemia (3,593 lg/dl) at initial diagnosis (31 years). The other patient with late-onset presentation (case 4) is alive, is without psychomotor delay and is treated with sodium benzoate, L-carnitine, arginine, and dietary protein restriction.
In these 16 patients, 25 different mutations were identified. The mutations consisted of 14 missense, 4 nonsense, 2 splice-site, and 5 in/del mutations. Six of these mutations have been previously reported while the other 19 were novel; none of these novel mutations have been listed in the public SNP databases, dbSNP (http://www.ncbi.nlm.nih.gov/) and JSNP (http://www.snp.ims.u-tokyo.ac.jp/). Although no prevalent ''common'' mutation was identified, some of the mutations were shared by more than one family, probably reflecting relatively common mutations among Japanese. Figure 1 describes the position of these mutations in relation to previously identified functional domains of the CPS1 molecule (Yefimenko et al. 2005) . All but two missense mutations (G79E and Y212N) were Aoshima et al. 2001b clustered around the two phosphorylation domains, while the nonsense and in/del mutations are scattered throughout the gene. The clinical significance of IVS2 + 6T > C remains unknown since we could not perform transcript analyses for this apparent splice-site mutation. The mutation, however, is not listed in public SNP databases (DBSNP and JSNP) and could not be found in 50 normal Japanese volunteers, and the calculated splice-site score (http://www.fruitfly.org/seq_-tools/splice.html) dropped to 0.70 as compared with 0.99 in the wild-type sequence. In addition to these mutations, we identified a previously unidentified common polymorphism, -3insTTC, in nine patients.
Discussion
In this study, we present the largest series of molecular and clinical analyses of Japanese patients with CPS1 deficiency to date. Table 1 summarizes the results of our study together with seven previously reported Japanese cases. Combining these results together reveals the characteristics of the mutational and clinical spectra of CPS1D in Japan. Previously, it has been reported that most CPS1 mutations were specific to individual families and only two mutations were shared by more than one family: N716K (Summar 1998) and 840G > C (Hoshide et al. 1993; Aoshima et al. 2001a, b) . However, of the 25 mutations detected in our series, 7 were shared by multiple CPS1D families: 2945G > A (G982D) in cases 1 and 2, 1528delG (fs514X) in cases 3, 4, and 22, 130C > T (Q44X) in cases 5, 6, and 20, 840G > C in cases 9, 19, and 25, 3784C > T (R1262X) in cases 11 and 21. In addition, two of the Japanese mutations, 1760G > A (R587H) and 2359C > T (R787X), were identical to mutations previously reported by Summar (1998) and Rapp et al. (2001) , respectively. Mutations of CPS1 in Japan, therefore, consist of recurrent mutations common to multiple families as well as strictly individual mutations. However, even if all these relatively common mutations are combined, they account for only 31.8% (14/44) of the mutations in Japan, and the mutational spectrum is still scattered widely in the CPS1 gene. The geographical distribution of these common mutations is also scattered widely, except that three out of four patients with Q44X came from Kyushu Island. In this regard, a common polymorphism identified in this study, -3insTTC, could be useful for simple intrafamilial linkage analysis in prenatal diagnosis as long as the diagnosis of the proband is confirmed. The T-stretches in both flanking introns of exon 30 were also polymorphic with 11-14 Ts on the 5¢ side and 13-16 Ts on the 3¢ side. However, the usefulness of these T-stretches might be limited since they were extremely error-prone in the amplification process probably due to slippage of the DNA polymerase. It was hard to determine the T number by direct sequencing of the amplification products, and, when cloned into a plasmid and sequenced, we often observed three or more clones with different T repeats from a single patient.
Since only three Japanese cases of late-onset CPS1D have been analyzed for mutations (two in this study and one in a previous study), genotype-phenotype correlation is not evident at present.
Of interest are the two patients for whom clinical diagnoses of CPS1D were made, yet no mutations were identified in the coding region of the CPS1 gene. Either they have mutations undetectable by our assay, such as large deletions or promoter mutations, or they could actually have NAGS deficiency rather than CPS1D. Both patients are reported to have low hepatic CPS1 activity; however, Yoshino et al. (1997) have shown that even with low hepatic enzyme activity, the diagnosis of CPS1D is not always certain. 
